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Introduction: Gilbert [1] and Shoemaker [2] de-
rived the probability for oblique impacts. Statistically, 
50% of all collisions of asteroids or comets occur at 
angles of less than 45°, and about 7% at angles less 
than 15°. While the highest probability exists for an 
angle of incidence of 45°, vertical and horizontal colli-
sions are extremely unlikely. Thus, nearly all impacts 
are somehow oblique. Here we use the term “oblique” 
for craters formed at angles between 35° and 15° from 
the horizontal, and as “highly oblique” or “acute-
angled” impacts below 15° incidence.  

Based on the existing analogy of explosion and 
impact cratering that assumes a point-like source of 
energy, craters should bear no hints to the impact vec-
tor. However, experimental analysis [3; 4], remote 
sensing [5], field studies [6], and recent 3D numerical 
simulation [7; 8] show that for oblique and highly 
oblique impacts it is possible to decipher impact inci-
dences. Several methods were proposed to reconstruct 
azimuth and angle of impacts. These techniques are 
based on (i) the uneven distribution of ejecta around 
impact craters, e.g. [3; 5], (ii) asymmetries in crater 
morphology, e.g. [3; 9] (iii) the uneven distribution of 
shock metamorphic overprint of target rocks [10], and 
(iv) asymmetries in the subsurface structure of the cra-
ter [6; 9]. In this contribution we mainly focus on the 
criterion (iv). 

(i) Method (i) is a generally accepted and experi-
mentally proven technique [3; 4] that is sensitive if the 
impact angle is oblique. In such cases a preferential 
concentration of ejecta occurs down range and a “for-
bidden” ejecta zone develops up range. This zone fur-
ther expands with decreasing angle. At highly oblique 
angles, “butterfly” ejecta blankets form, where the 
majority of ejecta is distributed cross range. Ricochet 
can occur at grazing angles when a significant fraction 
of the projectile rebounds from its initial point of con-
tact on the target surface and continues down range. In 
all cases the ejecta pattern shows a bilateral symmetry 
along the trajectory axis. The uneven ejecta blanket is 
certainly the best suited criterion to infer oblique im-
pact trajectories. However, as ejecta blankets are rarely 
preserved on Earth, (ii-iv) have to be considered. 

(ii) The crater outline is insensitive to the impact 
trajectory and remains circular with the exception of 
highly oblique impacts. Schultz and Anderson [9] pro-
posed an enhanced rim/wall collapse in the up range 
direction, an up range offset of the central uplift, com-
bined with a down range breaching, and a large central 

uplift diameter relative to crater diameter for oblique 
complex craters. However, Ekholm and Melosh [11] 
who studied Venusian craters concluded that these are 
statistically unwarranted criteria for assessing an 
oblique impact. 

(iii) Experimental and numerical studies have 
shown that the distribution of peak shock pressures 
within the target is asymmetrical in the case of oblique 
impacts with a concentration down range [10; 12]. 
However, to our knowledge no systematic field study 
has been carried out until now that documented the 
shock metamorphic overprint sector-wise and related 
the derived pressure magnitudes to an oblique impac-
tor trajectory. 

(iv)  Field studies at Upheaval Dome, UT, USA [6; 
13] in 2002, at Spider, WA, Australia, and Matt Wil-
son, NT, Australia in 2006 and 2007 [14], as well as 
revisiting the structural analysis of Gosses Bluff, WA, 
Australia by [15] revealed that bilaterally symmetrical 
arrangements of structural features exist in the subsur-
face of these impact craters which indicate a preferred 
motion and deformation along the axis of symmetry. In 
the following section we briefly summarize some 
structural aspects of these craters: 

Upheaval Dome, UT, USA, 5,2 km diameter at 
present level of erosion:  The central uplift shows a 
systematic departure from a pure radial symmetric 
flow. Enhanced shortening roughly in the NW–SE 
direction is most evident in the core of the central up-
lift, where a set of imbricated slices displays domi-
nantly top to the SE thrusting. The thrusts are bent and 
have a concave, down range-facing outline. The center 
is subdivided into two halves by a large NW-SE-
trending reverse fault which continues as a syncline up 
range and an anticline down range. Further outward 
and upward the structural asymmetry is preserved in 
dominant radial faults and an elliptical bedding outline 
but disappears at the edge of the central uplift, i.e. the 
ring syncline. If we define the extent of the central 
uplift as the radius of the ring syncline Rs, the ratio of 
Rs to the present crater radius R is ~0.7.  

Spider, WA, Australia, proposed diameter 13 km: 
The Spider crater is situated in a broad and gentle syn-
cline. The central uplift region of Spider displays a 
very similar arrangement of aligned imbricated fault 
blocks compared to Upheaval Dome, while the consis-
tency of SSE directed thrusting is even more striking. 
The thrust slices are oriented bilaterally around the 
central uplift. In the SSE sector (the proposed down 
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range sector) the slice orientations gradually change 
towards a NNW-SSE strike. This causes the collision 
of the two thrust systems along the SSE trending sym-
metry axis. The thrust sheets are bent and have a con-
cave up range-facing outline, as opposed to the down 
range-facing outline in Upheaval Dome. Dip of strata 
within the thrusts range between 20 and 60°. The ramp 
angles of the thrust slices dip at similar inclinations as 
the bedding planes. This leads only to a moderate 
stratigraphic uplift accommodated by the thrusts. The 
major uplift occurs in the center where a penetrative 
shock metamorphic overprint exists (shatter cones). A 
subdivision of the core into two halves could not be 
found. We suspect that the dominant thrust direction in 
this crater also reflects a prevailing lateral displace-
ment direction during crater collapse, and thus an 
oblique impact from NNW as already proposed by 
[16]. The amount of stratigraphic uplift and the ratio of 
central uplift radius Rs to the proposed crater radius R 
are small (0.3?) at Spider relative to Upheaval Dome. 
However, the outer rim of the structure is poorly de-
fined. 

Matt Wilson, NT, Australia, 6.3 x 7.5 km diameter 
at present level of erosion: Matt Wilson structure is 
outlined by a ring monocline that delineates an ellipse 
of 6.3 x 7.5 km with the long axis trending NE-SW. 
The aspect ratios of the ellipsoid of the crater rim 
monocline and the ring syncline are both ~1.2. Matt 
Wilson contains a broad dome-like central uplift of 
great lateral extent (Rs/R ~0.8).  In the center of the 
dome steeply dipping fault blocks of lower units are 
exposed. The stratigraphic uplift of the core is ~200 m. 
Further outwards, fault zones often strike NE-SW. 
This direction corresponds to the long axis of the ellip-
soidal outline and the axis of symmetry. Most of the 
these faults are strike slip faults and have a transpres-
sive character, often forming positive flower struc-
tures. As in Upheaval Dome and Spider, the inner part 
of the central uplift shows stacked, steeply dipping 
thrusts. They strike NW-SE (perpendicular to the axis 
of symmetry) and dip to the NE. Folding of these 
thrust units along steeply plunging fold axes occur in 
the innermost part of the structure. We interpret the 
preferred stacking of thrust sheets both within the cen-
tral uplift and in the surrounding ring syncline as an up 
range to downrange transport of rock.  

Gosses Bluff, WA, Australia, 24 km diameter at 
present level of erosion: At Gosses Bluff, SSW di-
rected thrusting is dominant in the central uplift. As in 
the other craters no up range offset of the central uplift 
is evident on the basis of geophysical data. In the in-
nermost part of Gosses Bluff, the central uplift is 
breached  in the proposed down range direction. 
Discussion and Conclusion: We document remarka-

bly consistent arrangements of imbricate thrust slices 
in the central uplifts of four complex impact craters. 
The preferred orientation of these thrusts accommo-
dates shortening in thrust direction. With regard to 
experimental and numerical studies of oblique impact 
cratering, we infer that this lateral displacement com-
ponent reflects a shift in the onset of crater collapse 
and the migration of the uplifting crater floor down 
range, i.e. in the impact direction. Thus, this structural 
arrangement is regarded as a new tool to derive impact 
trajectories in eroded craters. Validation of the struc-
tural method requires craters with other unequivocal 
attributes for oblique impact craters such as preserved 
asymmetric ejecta blankets, or elliptical outlines. The 
elliptical shape of Matt Wilson crater is regarded as an 
independent proof of our method. As we have found 
these structural features only in craters with flat lying 
sedimentary targets this seems to be a prerequisite to 
form imbricate stacks. Target heterogeneities such as 
joint sets may influence the specific geometries of the 
imbricate stacks (convex or concave shapes). A sys-
tematic offset of the central uplift with respect to the 
crater center could not be verified. 
 

Acknowledgement: The project is financed by 
DFG, grant KE 732/11-1. 
  

References: [1] Gilbert, G. K. (1893) Bull. Philos. 
Soc. Wash., 241-292. [2] E.M. Shoemaker, 1962, in: 
Z. Kopal (Ed.), Physics and Astronomy of the Moon, 
Academic Press, New York, 1962, pp. 283–351. [3] 
Gault, D. Wedekind, J. A., 1978, Proc. Lunar Planet. 
Sci. Conf. 9, 3843–3875. [4] Anderson, J.L.B. Schultz, 
P.H. Heineck, J.T., 2004, MAPS. 39, 303–320. [5] 
Herrick, R.R. Forsberg-Taylor, N.K., 2003, MAPS, 
38, 1551–1578. [6] Scherler, D., Kenkmann, T., Jahn, 
A., 2006, EPSL 248, 28-38. [7] Shuvalov, V.V. Dyp-
vik, H. 2004, MAPS. 39, 467–479. [8] Elbeshausen, 
D. et al., 2007, Bridging the Gap II. [9] Schultz, P. H. 
and Anderson, R. R., 1996, Spec. Pap. Geol. Soc. Am. 
302, 397–417. [10] E. Pierazzo, E.., Melosh, H.J., 
1999, EPSL. 165, 163–176. [11] Ekholm, A.G. 
Melosh, H.J. 2001, Geophys. Res. Lett. 28, 623–626. 
[12] Dahl, J.M. Schultz, P.H., 1998, LPSC 29 #1958. 
[13] Kenkmann, T., Jahn, A., Scherler, D., Ivanov, B. 
A., 2005, Spec. Pap. Geol. Soc. Am. 384, 85–115. [14] 
Kenkmann, T., Poelchau, M., 2008, 39 LPSC. [15] 
Milton, D.J. Glikson, A.Y. Brett, R., 1996, AGSO J. 
Aust. Geol. Geophys. 16, 453–486. [16] Shoemaker, 
E. M., Shoemaker, C. S., 1996, AGSO Australian 
Journal of Australian Geology & Geophysics, 16, 379-
398. 

Large Meteorite Impacts and Planetary Evolution IV (2008) 3057.pdf


